Telomeres are located at the end of each chromosome for protection from cellular degradation and suppression of inappropriate activation of the double-strand break repair process.^[@ref1]^ Human telomeric DNA has the repeat sequence 5′-TTAGGG-3′ copied for many kilobase pairs that reside in the duplex state. At the 3′ end, this repeat sequence persists as a single-stranded overhang of 100--200 nucleotides.^[@ref2]^ Metaphase telomeres are bound by many proteins to generate the shelterin complex.^[@ref1]^ The telomere is subject to shortening during the human lifespan and, therefore, has been referred to as a molecular clock for determination of cellular age. Increased telomere shortening has been correlated to chronic psychological stress, oxidative stress, and inflammation.^[@ref3],[@ref4]^ The guanine (G)-rich nature of this sequence renders it prone to oxidative insults from reactive oxygen species (ROS) resulting from oxidative stress and inflammation.^[@ref5]^ One of the chief G oxidation products found in the telomere is 8-oxo-7,8-dihydroguanine (OG).^[@ref6]^ The telomeric concentration of OG increases with stress, because it evades the repair process.^[@ref7],[@ref8]^ Persistent oxidative stress to the telomere leads to telomere attrition, which advances this molecular clock.^[@ref9],[@ref10]^ However, the spatial distribution in which OG is formed in the telomere is not known; in other words, is OG preferentially formed in the single-stranded or duplex region of the telomere? Moreover, nuclease digestion of the genome followed by LC-MS can easily lead to inaccurate quantities of OG, because sample manipulation can cause G oxidation to OG.^[@ref11]^ Therefore, a method for quantification of OG and determination of its spatial distribution in the telomere would provide a great benefit for molecular medicine, because these values provide a direct measure of the extent to which telomeres have been exposed to ROS. Further, understanding the distribution of OG will allow a better understanding of its role in telomere attrition. Knowledge of how OG concentrations increase with ROS is advantageous for providing preventative medicine to combat stressors that prematurely age the cell or lead to stress-induced diseases (*e*.*g*., cancer or diabetes).

Various methods have been developed to analyze human telomeric DNA;^[@ref12]^ however, none of these methods can quantify OG in the telomere. Analysis of telomeres occurs *via* PCR-based methods or with fluorescently labeled probes, in which OG is silent.^[@ref12]^ Single-molecule approaches to studying the human telomere repeat, such as optical tweezers^[@ref13]^ and high-speed AFM,^[@ref14]^ provide insight into these structures not available to averaged, bulk measurements. Another promising single-molecule platform for detection and quantification of OG in the telomere, as well as having the ability to potentially measure the telomere length, is nanopore technology. A commonly used biological nanopore is α-hemolysin (α-HL), which possesses a large nanocavity (vestibule) on the *cis* side, leading to a narrow β-barrel on the *trans* side with a central constriction separating these regions ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A).^[@ref15]^ This nanopore senses single DNA or RNA strands while they are electrophoretically driven from the *cis* to the *trans* side of the channel, typically in KCl or NaCl electrolyte solution.^[@ref16]−[@ref19]^ The largest voltage drop occurs at the central constriction and β-barrel, providing the sensing capabilities. The similarity in diameter of single-stranded DNA (*d* = 1.0 nm)^[@ref20]^ and the narrow β-barrel (*d* = 1.4 nm, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A)^[@ref15]^ generates sequence-specific current--time signals as the DNA passes this narrow region.^[@ref21],[@ref22]^ Active development in this field is applied to using these current--time patterns for single-molecule DNA sequencing.^[@ref22]−[@ref25]^ The single-molecule profiling capability of α-HL would be ideal for detection of OG in telomeres and to determine its distribution. DNA strands without secondary structure pass through the channel unabated, but the presence of hairpin and G-quadruplex (G4) structures impedes the movement of the strand.^[@ref26]−[@ref31]^ The electrophoretic force causes these secondary structures to unwind and eventually pass the channel, but this process can take \>4 min.^[@ref29]^ Most interestingly, the human telomere repeat sequence, in the absence of the complementary strand, adopts a G4 fold in the presence of KCl or NaCl salts.^[@ref32]^ Therefore, an α-HL platform developed for analyzing human telomere sequences will need to address the ability of these G4-forming sequences to coordinate with the electrolyte cation that hinders movement of DNA as it is driven through the nanopore.

![Structure of the α-HL nanopore and the observed hTelo G4 folds. (A) α-HL protein channel (pdb 7AHL)^[@ref15]^ with critical regions and dimensions for this study labeled. (B) Cartoon drawings of three folds characterized from the hTelo sequence. (C) Space-filling models for the basket (pdb 143D),^[@ref33]^ hybrid 1 (pdb 2JSQ),^[@ref34]^ and propeller (pdb 1K8P)^[@ref35]^ folds of the hTelo sequence.](nn-2015-00722x_0002){#fig1}

Human telomeric DNA adopts hybrid, basket, or propeller G4 folds in the presence of K^+^, Na^+^, and K^+^ with high concentrations of Li^+^, respectively ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B and C).^[@ref28]^ Previously, we demonstrated the ability of α-HL to analyze these three G4s and their drastically different unraveling kinetics.^[@ref28]^ While the hybrid and basket folds with a 25-mer 5′-tail can enter tail first into the nanocavity of the protein and unravel slowly in this confined environment (∼0.1 to ∼240 s, respectively), the propeller fold is unable to enter because it is too big to fit through the opening of the vestibule ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref28]^ The size-selective properties of α-HL force the propeller fold to unravel outside of the protein nanocavity, where it can do so much faster (0.004 s) due to the greater degrees of freedom in this open space.^[@ref28]^ Further, when the tail was removed, the hybrid and basket folds entered the nanocavity on the *cis* side, while the propeller fold did not.^[@ref28],[@ref29],[@ref36]^ Interestingly, the hybrid folds without a tail, once trapped in the nanocavity, exited *via* the same side they entered (*i.e.*, they could not unravel), while the basket folds are capable of unraveling and moving through the β-barrel to the *trans* side of the pore.^[@ref28]^ Additional studies of the thrombin-binding aptamer G4 by Gu and co-workers demonstrated monovalent and divalent cation-dependent tuning of the unraveling kinetics for this G4 in the α-HL nanopore.^[@ref30]^ Maglia and co-workers studied the thrombin-binding aptamer bound to thrombin in a large vestibule protein nanopore (ClyA) and demonstrated current modulations dependent on conformational heterogeneity of the complex.^[@ref37]^ In this report, α-HL was used to detect and quantify a biomarker for oxidative stress, OG, in human telomeric G4s. Systems of increasing complexity were studied, starting from single G4 sequences bearing site-specifically synthesized OGs and expanding to a system that contains five G4s, in which OG was introduced nonspecifically *via* exposure to the ROS ^1^O~2~. In this final study, we demonstrate the ability to detect and quantify more than one OG lesion site. Achievement of this final step required repurposing of established chemistry for labeling OG with a detectable crown-ether marker developed in our laboratory.^[@ref38]^ Furthermore, application of our knowledge of ion-dependent G4 unfolding kinetics allowed the development of an analytical method for detecting and quantifying these crown-ether markers covalently attached at OG in the human telomere sequence using α-HL.

Results and Discussion {#sec2}
======================

Studies with Single G4s Bearing Site-Specifically Synthesized OG {#sec2.1}
----------------------------------------------------------------

Preliminary studies were conducted with 24-mer synthetic DNA strands containing site-specifically synthesized OG in the human telomere sequence (hTelo). The natural form of the sequence was studied (5′-TA[GG]{.ul}GTTA[GG]{.ul}GTTA[G]{.ul}G[G]{.ul}TTA[G]{.ul}G[G]{.ul}TT-3′).^[@ref34]^ The OGs were synthesized at sites demonstrated to be hot spots for G oxidation in this sequence (underlined Gs, [Figure S1](#notes-1){ref-type="notes"}).^[@ref39]^ The electrolyte NaCl (1 M) was selected, which induces the basket fold in the hTelo G4.^[@ref28]^ Translocation of the OG-containing G4s at 120 mV (*trans vs cis*) yielded different ion current *vs* time (*i--t*) traces when they were driven through α-HL from the *cis* to *trans* side compared to the undamaged sequence ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A and B; [Figures S2--9](#notes-1){ref-type="notes"}). The *i--t* traces recorded for the OG-containing G4s led to current patterns that initiated from the open channel current (*I*~o~) to an intermediate shoulder level (*I*~M~) followed by transitions to a clean deep blocking level ion current (*I*, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B) for \>90% of the recorded events. Currents are reported as percent residual current *vs* the open channel current (*i*.*e*., %*I*/*I*~o~). As a result, the intermediate blocking level current showed a broad distribution of %*I*~M~/*I*~o~ = 46 ± 5%, while the deep blockage current level was %*I*/*I*~o~ = 11 ± 1%. The *I*~M~ values showed stochastic fluctuations between many different current levels. In contrast to the observations for OG-containing G4s, the undamaged sequence presented *i--t* traces with unique features. First, distinct modulations between two intermediate current levels were observed (%*I*~M1~/*I*~o~ = 51 ± 1%, and %*I*~M2~/*I*~o~ = 35 ± 1%), and they modulated between these levels randomly. Eventually, the current transitioned to a deep blockage current level (%*I*/*I*~o~ = 11 ± 1%) followed by a return to the open channel current ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). These features were previously ascribed to the folded basket G4 moving up and down in the nanocavity to give two *I*~M~ values, followed by an unfolding process that leads to translocation through the channel ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C).^[@ref28],[@ref36]^ The native fold showed a second current pattern that we previously described as loop side entry, but these types of events were not observed in significant amounts (\<10%) for the OG-containing strands.^[@ref28],[@ref36]^ In contrast to the native fold, the OG-containing G4s gave a broad distribution of shoulder current levels, which is interpreted as damaged G4s entering the vestibule in a partially unfolded state that quickly progressed to the translocation state observed as a deep blockage to the current level ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B and C). On the basis of the current--time traces recorded for the OG-containing G4s, a triplex-like structure, which was previously characterized by the α-HL nanopore in our laboratory,^[@ref29],[@ref36]^ might account for these changes from wild-type G4s. The triplex structure has also been characterized by optical tweezers^[@ref40]^ and CD spectroscopy.^[@ref41]^

![Nanopore analysis of hTelo basket folds with site-specifically incorporated OG damage. The hTelo DNA strand studied had OG synthesized at one of the underlined G's in the sequence 5′-TA[GG]{.ul}GTTA[GG]{.ul}GTTA[G]{.ul}G[G]{.ul}TTA[G]{.ul}G[G]{.ul}TT-3′, in which OG placement in the top tetrad was at positions 9, 17, and 21 (blue), in the middle tetrad at positions 4 and 10 (purple), and in the bottom tetrad at positions 3, 15, and 23 (green). (A) Current *vs* time trace for the native fold. (B) Representative current *vs* time trace for OG incorporated at position 21 of the hTelo sequence. The *I*~o~, *I*~M~, and *I*~B~ values are labeled as a percentage of the open channel current *I*~o~ for panels A and B. (C) Proposed model to describe the data collected. (D) Plot of log τ *vs* Δ*G* for all damaged and undamaged hTelo sequences studied. The Δ*G* values were obtained by van't Hoff analysis from the UV-monitored melting curves ([Figure S10](#notes-1){ref-type="notes"}). All studies were conducted in 1 M NaCl and 25 mM Tris, pH 7.9, at 25 °C. The measurements were done under 120 mV (*trans vs cis*) bias. The data shown in panel A were previously described by our laboratory in An, N.; *etal*. *Proc. Nat. Acad. Sci. U.S.A.***2014**, *111*, 14325--14331.](nn-2015-00722x_0003){#fig2}

The duration times for the events were measured (*I*~M~ + *I*~B~) to provide a population that was plotted and fitted to a single-exponential decay model with a decay constant τ ([Supporting Information](#notes-1){ref-type="notes"} Figures S2--9). The mean translocation time τ was compared between each OG position and to the undamaged fold. The undamaged basket fold, without a homopolymer tail, gave long τ values (∼110 ms), while those measured for the OG-containing G4s (τ = 1--13 ms) were much faster, indicating that the presence of oxidative damage decreased the stabilities of these G4s ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A, B, D and [Figures S2--9](#notes-1){ref-type="notes"}). Because the hTelo G4s have three tetrads, the location of the oxidative damage should also be a factor in its destabilization. Incorporation of OG at various positions presented rather different translocation decay constants. Placement of OG in a top (positions 9, 17, and 21) or bottom (positions 2, 15, and 23) tetrad resulted in destabilization and unfolding of only that layer leading to the longest τ values, whereas formation of OG in the middle (positions 4 and 10) tetrad led to more substantial unfolding of the G4 and yielded the shortest τ values measured ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D). Additionally, the event durations for these G4s to traverse from the *cis* to *trans* side of the protein channel had τ values that exhibit a linear correlation with the unfolding free energy, Δ*G*. The Δ*G* values were determined from van't Hoff analysis of thermal melting curves monitored by UV spectroscopy (*T*~m~)^[@ref42]^ that were measured for the native and each damaged G4 studied ([Figure S10](#notes-1){ref-type="notes"}). Surprisingly, breaking a single hydrogen bond (G → OG) could dramatically destabilize the G4 structure \[+1--2 kcal/mol (ΔΔ*G*) or −20 °C (Δ*T*~m~)\] and cause a \>10× faster translocation time than the undamaged sequence ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D and [Figure S11](#notes-1){ref-type="notes"}). The destabilization effects of OG were further confirmed by circular dichroism (CD) and *T*~m~ analysis ([Supporting Information](#notes-1){ref-type="notes"}, Figures S2--9). In all cases, the introduction of OG in the hTelo sequence caused significant destabilization, leading to fast unraveling kinetics, an observation that complements previous NMR^[@ref43]^ and *T*~m~ analyses,^[@ref44],[@ref45]^ suggesting that the presence of OG disrupts the folded structure.

These observations in the singly oxidized G4 system demonstrate that the presence of OG could be detected from the significant reduction in the τ value. Further, the *i--t* trace patterns changed when OG was introduced, which leads to an observable pattern for determining the presence of OG in these sequence contexts. Next, these studies were extended to a system of greater complexity that contained a 5′-homopolymer tail to determine if the location of one or more OGs could be detected. The tail was composed of 25 nucleotides of 2′-deoxyadenosine (dA~25~) that aid in the capture and threading of the G4 into the nanopore vestibule.^[@ref46]^ The 5′ tail was chosen based on how telomeres are analyzed. Telomere terminal fragments are made by clipping the chromosome end off with restriction endonucleases that yield the repeat sequence on the 3′ end with the heterosequence on the 5′ end.^[@ref12]^ Consequently, as the first step, a 5′-poly(dA) tail was attached to a sequence that adopts a single G4 fold. The sequence was studied without damage (Q1-G, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A and B) and with OG positioned at the 5′-most G in an exterior tetrad (Q1-OG, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A and B), which is a reactive site for oxidation found in our earlier studies.^[@ref39]^ One critical detail about the 5′-poly(dA) tail is that this sequence gives a broad distribution of intermediate current levels and durations times during entry into the pore;^[@ref46]^ this drawback is outweighed by the fact that it will not interact with the G-rich sequence to which it is attached as would a poly(dC) tail or introduce two different populations of translocation times as observed with poly(dT) tails.^[@ref46]^

![Translocation experiments for native, OG-containing, and 18c6-labeled G4s with a 5′-tail. (A) Scheme for experimental setup, including the G4 sequence studied and location of the OG and Sp-18c6-labeled OG. (B) Reaction scheme for G conversion to OG by ROS, followed by labeling of OG with aminomethyl-18c6 (18c6) in the presence of the mild one-electron oxidant K~2~IrBr~6~ to furnish the labeled OG product, Sp-18c6. (C) Current *vs* time traces for Q1-G (black box, left), Q1-OG (red box, middle), and Q1-Sp-18c6 (purple box, right). These traces demonstrate that OG does not yield a change in the current until it has been chemically labeled with 18c6. All studies were conducted in 1 M NaCl and 25 mM Tris, pH 7.9, at 25 °C. All measurements were done under 120 mV (*trans vs cis*). \*The current *vs* time traces are on the same current axis, but they are on different time scales. These traces are intended to depict that labeling of OG with 18c6 in the hTelo G4 can result in a unique and characteristic modulation of the deep current level that was not observed for G or OG. See [Figure S12](#notes-1){ref-type="notes"} for the data shown on the correct scales.](nn-2015-00722x_0004){#fig3}

Translocation of Q1-G and Q1-OG in NaCl electrolyte was studied. The 5′-polydA tail reinforced entry of these strands from the 5′ end (∼85%) while minimizing entry from the 3′ end with the G4 (∼15%) because the larger G4 was on the 3′ terminus. The current pattern for Q1-G and Q1-OG initiated with a broad distribution of shoulder current levels (%*I*~M~/*I*~o~ = 48 ± 5%) that transitioned to a deep blockage current (%*I*~A~/*I*~o~ = 15 ± 1%) and ended with a return to the open channel current ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C left and center, [Figures S13--16](#notes-1){ref-type="notes"}). On the basis of the currents recorded for Q1-G and Q1-OG, a difference was not detected. Next, examination of translocation time revealed τ for Q1-G (τ ≈ 60 ms) to be 12 times longer than measured for Q1-OG (τ ≈ 5 ms, [Figure S12](#notes-1){ref-type="notes"}). The decreased time observed for Q1-OG relative to Q1-G is consistent with the thermodynamic destabilization of OG identified above. The change in τ upon oxidation of G to OG suggests the damage could be determined based on translocation time; however, a telomere from a cellular source will possess ∼10^4^ 5′-TTAGGG-3′ repeats that can fold to series of ∼10^3^ G4s. The predicted time for translocation of a relevant system would be \>60 s, where the time distribution will become very broad due to diffusional and thermal factors.^[@ref47]^ Further, biological samples will be heterogeneous and not allow a population of identical molecules to be studied, as we have done here. Based on our previous studies, a better approach for detection of damaged bases during single-molecule profiling is through the introduction of a marker that modulates the current.^[@ref38]^ Under this proposed approach, changes in current levels can simply be observed and counted for the detection and quantification of telomeric OG. Therefore, to develop this method, a labeling strategy needed to be established.

Detection of OG through Chemical Labeling {#sec2.2}
-----------------------------------------

Previously, we demonstrated the ability of α-HL to detect aminomethyl-\[18-crown-6\] (referred to as 18c6) attached to an abasic site (AP-18c6) in single-stranded DNA in NaCl electrolyte solution.^[@ref38]^ The interaction between the 18c6-Na^+^ complex and the protein β-barrel allowed recording of the diagnostic pulse-like current signature. A mechanism was proposed for this signature. Due to its size and rigidity, 18c6-Na^+^ hesitates at the protein constriction, stalling the movement of the DNA molecule and permitting an accurate current recording of the nondamaged part of the molecule. After dissociation of the Na^+^ ion, the bulky 18c6 adduct passes through the constriction and generates a deeper current blockage that returns to a deep current level and then back to the open current value when the DNA has passed through the channel.^[@ref38]^ These transitions in current levels result in a characteristic pulse-like pattern to the current that identifies the presence of the 18c6 adduct in NaCl electrolyte. When KCl was the electrolyte, the 18c6-K^+^ complex was too stable and prevented the DNA strand from passing through the channel and did not give an observable pulse-like signal.^[@ref38]^ The ability to detect the 18c6-Na^+^ complex is particularly prominent when the DNA is threaded from its 5′ terminus. Labeling DNA with PEG,^[@ref48]^ peptide,^[@ref49]^ or benzo\[*a*\]pyrene^[@ref50]^ adducts has also generated similar pulse-like signatures in the *i--t* traces. This knowledge was used as a starting point for labeling OG with an 18c6.^[@ref38]^

Before conducting the analysis, labeling of OG with 18c6 must be conducted. Installation of the 18c6 label was achieved using the mild one-electron oxidant K~2~IrBr~6~, which is selective for oxidizing OG. Oxidation of OG yields an electrophilic intermediate that is trapped by a nucleophilic primary amine in quantitative yield to furnish an adduct that rearranges to a stable spirocyclic structure.^[@ref51],[@ref52]^ The 18c6 chosen has the desirable primary amine functionality, in which optimization reactions were conducted to furnish the labeled product, termed Sp-18c6, in \>99% yield ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B and [Figure S17](#notes-1){ref-type="notes"}). A test case was studied with an OG-containing G4 that was labeled with 18c6 using these conditions for which the yield was \>99% ([Figure S18](#notes-1){ref-type="notes"}); moreover, the structure of this adducted G4 sequence led to a CD spectrum that indicated a highly disrupted structure, similar to that observed for the triplex fold ([Figure S18](#notes-1){ref-type="notes"}).^[@ref29],[@ref40]^ A similar method for labeling of genomic OG was pursued by Greenberg and co-workers using a spermine-functionalized biotin.^[@ref53],[@ref54]^

Next, nanopore analysis conditions were established to permit detection of the Sp-18c6 label in a control strand of the human telomere sequence. For this analysis, the Q1-OG strand was labeled with 18c6 using the best conditions identified above, to yield the product strand, termed Q1-Sp-18c6 ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C; [Figures S17 and S18](#notes-1){ref-type="notes"}). Translocation of this strand through α-HL with 1 M NaCl provided a new *i--t* pattern that was not observed in the previous studies with Q1-G or Q1-OG. This new *i--t* trace changed from the open-channel current to a shoulder current level (%*I*~M~/*I* = 36 ± 5%) that progressed to an initial deep blockage current level (*I*~A~; %*I*~A~/*I* = 15 ± 1%). After a few milliseconds, the current flow decreased more to an even deeper blockage (*I*~B~; %*I*~B~/*I* = 3 ± 1%) that persisted for ∼1 ms and then returned to the *I*~A~ current level that lasted many milliseconds before returning back to the open channel current ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C, [Figure S19 and S20](#notes-1){ref-type="notes"}). The *I*~A~ → *I*~B~ → *I*~A~ current pulse provides the readout for the labeled OG site (*i*.*e*., Sp-18c6); further, this observation is consistent with our previous results when 18c6 was used for detection of an AP site in DNA.^[@ref38]^ The slow kinetics of ion release from the 18c6-Na^+^ complex provides ample time to obtain a good signal-to-noise ratio for this recording to ensure its accuracy. The overall translocation time for Q1-Sp-18c6 was faster (12× at 120 mV, [Figure S12C](#notes-1){ref-type="notes"}) than that observed for the native Q1-G. This observation was expected because unraveling the G-quadruplex is a much slower process than ion release from 18c6, and based on CD analysis ([Figure S18](#notes-1){ref-type="notes"}), the 18c6 label greatly destabilized the G-quadruplex, leading to the much faster time observed. This successful observation then pointed our attention to method development for handling a biological sample. A sample that originates from a cell will have ∼10^3^ G4s, and the distribution and number of OG sites will not be known. Therefore, a method for increasing the rate of G4 unfolding while not interfering with cation release from 18c6 needed to be developed to handle a system of such large size.

Selection of a New Electrolyte System to Analyze Long hTelo Repeat Sequences {#sec2.3}
----------------------------------------------------------------------------

Human telomeric DNA can adopt various conformations upon coordination with different metal ions;^[@ref55]^ additionally, 18c6 coordinates with many cations with variable binding constants.^[@ref56]^ In the presence of 1 M NaCl or KCl solution, hTelo folds into a basket or hybrid G4, respectively, both of which are capable of entering the nanocavity of α-HL, where the kinetics of unfolding are slow, based on our previous results.^[@ref28]^ Thus, these standard electrolytes at 1 M concentration will not aid in increasing the unfolding kinetics of the long runs of G4s. The hTelo can adopt the propeller fold in low concentrations of KCl (20 mM) under dehydrating conditions (5 M LiCl),^[@ref28],[@ref57]^ which has the ideal G4 unraveling kinetics due to its large size, preventing this fold from entering the nanocavity of α-HL. However, when 18c6 is coordinated with K^+^, the binding constant is too large, preventing ion release that is required for yielding the pulse-like current signature.^[@ref38]^ For these reasons, we searched the literature for a cation that has a moderate binding constant with 18c6, similar to Na^+^, while having a size similar to K^+^ that could potentially give propeller G4 folds. The NH~4~^+^ ion fits all of these requirements. NH~4~^+^ and Na^+^ have similar binding constants with 18c6 (Na^+^*K*~eq~ = 6.3; NH~4~^+^*K*~eq~ = 12.6; K^+^*K*~eq~ = 115).^[@ref56]^ The ionic radii for K^+^ and NH~4~^+^ are also similar (K^+^*r* = 1.33 Å; NH~4~^+^*r* =1.43 Å).^[@ref58]^ Studies with NH~4~Cl solutions were conducted to determine if we could obtain the desired affects with regard to G4 folding and 18c6 ion release.

First, we tested the capability of 100 mM NH~4~^+^ with added LiCl to induce the propeller fold in the hTelo sequence that adopts one G4. The LiCl was added to increase the ionic strength that is preferable for recording the nanopore *i--t* traces, as well as the fact that LiCl in high concentration is a dehydrating agent that induces the propeller fold.^[@ref28]^ CD spectroscopy was used to monitor the G4 folding topology when 100 mM NH~4~Cl was titrated with increasing amounts of LiCl. The addition of \>2 M LiCl gave a CD peak of positive rotation at 260 nm that is diagnostic of the propeller fold.^[@ref59]^ From these studies, the hTelo sequence adopts the preferred propeller fold with 100 mM NH~4~Cl and \>2 M LiCl ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A).

![Propeller fold of the hTelo sequence observed in a mixture of NH~4~Cl and LiCl electrolyte and translocation studies of Q5 in this electrolyte system. (A) Propeller fold dimensions and characterization by CD spectroscopy. A peak with positive rotation at 260 nm in the CD spectrum was observed for hTelo in NH~4~Cl (100 mM) and 2 M (LiCl) characteristic of the propeller fold. (B) Scheme for translocation of Q5 that included up to five G4s in the propeller fold in a series with NH~4~Cl and LiCl electrolyte. (C) Typical current *vs* time trace for translocation of Q5 and the mean translocation time τ *vs* voltage for α-HL nanopore studies on Q5. (D) Voltage dependence in the mean translocation time τ studied at 100, 120, and 160 mV (*trans vs cis*). All studies were conducted in 25 mM Tris, pH 7.9, at 25 °C.](nn-2015-00722x_0005){#fig4}

Second, the Q1-G sequence was studied with the NH~4~^+^/Li^+^ electrolyte system to ensure the translocation kinetic profile for the propeller fold was the same under these conditions as we previously measured using KCl (20 mM) and LiCl (5 M).^[@ref28]^ This control study gave fast unzipping and translocation times, and the voltage-dependent study supports the translocation of this strand through the nanopore, because as the voltage was increased, the translocation time decreased ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D; [Figures S21--S23](#notes-1){ref-type="notes"}). Further, in the NH~4~^+^/Li^+^ electrolyte, the Q1-G strand translocated ∼100× faster than observed in the NaCl electrolyte ([Figures S12A and S23](#notes-1){ref-type="notes"}), as expected because the propeller fold (NH~4~^+^/Li^+^) unravels outside the nanocavity, while the basket fold (Na^+^) unravels inside the nanocavity.^[@ref28]^ These results validated the conclusion that use of the NH~4~^+^/Li^+^ electrolyte composition led to the desired G4 unfolding rates. Next, a study was conducted with Q1-Sp-18c6 to determine if the crown ether binding constant was tuned to yield the characteristic pulse pattern that identifies the presence of the labeled OG ([Figures S24 and S25](#notes-1){ref-type="notes"}). In this study, when Q1-Sp-18c6 was translocated through α-HL using 100 mM NH~4~Cl and 2 M LiCl as the electrolyte, the *i--t* traces had the *I*~A~ → *I*~B~ → *I*~A~ current pulse signature characteristic of the OG adduct in the DNA strand. The pulse signature was a feature that was never observed in the Q1-G and Q1-OG samples; the pulse signature was observed only with 18c6 adducted DNA (*i*.*e*., Q1-Sp-18c6). The last control study was to address the 5′ *vs* 3′ entry bias for a sample with a 5′ propeller-folded G-quadruplex and for a system with a 5-tail and a 3′ triplex-like fold similar to the 18c6 adducted strand. First, with a propeller-folded G4 on the 3′ side, only 5′ tail entry was observed, consistent with our previous studies.^[@ref28]^ Second, when a 3′ triplex-forming strand was studied with a 5′-poly(dA)~25~ tail, the 5′ entry was observed in ∼70% of the events ([Figure S26](#notes-1){ref-type="notes"}). This observation is important because the pulse patterns were observed for Q1-Sp-18c6 in ∼50% of the total events. In our previous studies, the 18c6 label was observed only upon 5′ entry in ∼70% of the 5′ events,^[@ref38]^ or put another way, at 120 mV bias, the 18c6 label was observed in ∼30% of the total events. In the present studies, the label was observed in a greater percentage (∼50%) of the total events due to the favorability of the 5′ entry. With these optimized conditions, experiments were conducted with hTelo sequences that contained a sufficient number of 5′-TTAGGG-3′ repeats to fold to more than one G4.

Analysis of a Long hTelo Sequence after Exposure to ^1^O~2~ to Detect and Quantify OG {#sec2.4}
-------------------------------------------------------------------------------------

There were two goals for the next set of studies. (1) Determine if the conditions developed to induce the propeller fold could be applied to the α-HL analysis of an hTelo sequence with enough repeats to yield two or more G4s. (2) Expose an hTelo sequence that can adopt up to five G4s to the ROS ^1^O~2~ and then determine if the 18c6 labeling and α-HL analysis conditions could detect and quantify the number of OGs in individual strands of the 120-mer hTelo sequence. To achieve the first goal, a series of strands were synthesized containing a 25-mer 5′-polydA tail with enough hTelo repeats to yield 1 (Q1-G), 2 (Q2-G), 4 (Q4-G), or 5 (Q5-G) G4s (see sequences in [Figure S23](#notes-1){ref-type="notes"} and data in [Figures S27 and S28](#notes-1){ref-type="notes"}). Upon folding these strands in the NH~4~Cl/LiCl electrolyte solution, α-HL analysis determined that all systems of increased length could enter, unravel, and translocate through the nanopore. These claims are based on voltage-dependent studies that demonstrate for each system that the translocation time decreases as the voltage was increased ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B and C for Q5). Furthermore, as the strand became longer, so did the τ fitting value, as expected due to the longer length of the strands, and the increased number of G4s to be unraveled ([Figure S23](#notes-1){ref-type="notes"}). These studies show that the increased length of the hTelo should not be an issue when analyzing long repeat systems capable of forming a series of G4s, as long as an electrolyte system is used to force the propeller topology, thus forcing the G4s to unravel outside the nanocavity where the rate of unfolding is much faster than inside.

To achieve the second goal, the Q5 strand was oxidized under physiologically relevant electrolyte concentrations, yielding OG that was labeled and then analyzed with the α-HL nanopore using NH~4~Cl/LiCl electrolyte. This Q5 strand represents the approximate length of the 3′-single-stranded region of the human telomere (∼100--200 nucleotides). The strand Q5 (10 μM) was allowed to fold under biologically relevant buffer and salt concentrations (20 mM phosphate buffer, pH 7.4, 12 mM NaCl, and 140 mM KCl at 37 °C).^[@ref39]^ The presence of KCl under these conditions induces the hybrid folds that are proposed to exist in the cell.^[@ref60]^ Oxidative damage to Q5 was incurred by the ROS singlet oxygen that was generated with the photooxidant Rose Bengal (0.1 mM); further, this reaction was supplemented with 3 mM *N*-acetylcysteine as a model for the cellular antioxidant glutathione ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A and B).^[@ref39]^ After a 5 min exposure to 350 nm light, the reaction was stopped, and the reaction salts were removed with a desalting column. This oxidation is anticipated to mimic the oxidation reactions that occur inside of the cell that would produce a random distribution of the number of OGs and their positions in this G-rich strand. The damaged Q5 strand was then labeled with 18c6 using the optimized conditions found above, and the sample was submitted to α-HL nanopore analysis ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A and B).

![Oxidation of a 120-mer portion of the human telomere repeat sequence (Q5) with ^1^O~2~ to yield OG that was labeled with 18c6 followed by α-HL nanopore detection and quantification. (A) Reaction scheme for oxidation of hTelo by ^1^O~2~ to yield OG under physiological conditions (20 mM phosphate buffer, pH 7.4, 12 mM NaCl, 140 KCl, 37 °C). Scheme for the labeling reaction of OG by 18c6 in the presence of K~2~IrBr~6~. (B) Model of the Q5 strand in biologically relevant salts (hybrid G4) followed by oxidation labeling and refolding in NH~4~Cl (100 mM) and LiCl (2 M) electrolyte to yield the propeller fold. (C) Nanopore analysis and sample current *vs* time traces recorded by the α-HL nanopore that were conducted in 25 mM Tris, pH 7.9, 100 mM NH~4~Cl, and 2 M LiCl at 25 °C.](nn-2015-00722x_0006){#fig5}

Examination of the oxidized and labeled Q5 strand in 2 M LiCl and 100 mM NH~4~Cl at 120 mV (*trans vs cis*) provided many different *i--t* trace types. Greater than half of the events contained pulse-like current modulations (*I*~A~ → *I*~B~ → *I*~A~). Overall, ∼35% of the events presented one modulation, ∼14% two modulations, and ∼5% three modulations per strand ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C and [Figures S29--S32](#notes-1){ref-type="notes"}). A comparison of pulse patterns for a population of events with the same number of pulses provided considerable variability. For example, event types that had one pulse in the current showed an apparently random pattern of the pulse; examples of the pulse at the beginning, middle, or end of the event were observed. This stochastic nature was also observed with populations of events with two and three pulse patterns. The various locations of these modulations suggested different distributions of OG in the original sequence, but due to the stochastic nature of the analysis, this is only a qualitative observation. Analysis of the duration time *vs* the number of 18c6 pulses revealed that each pulse observed increased the mean translocation time τ by ∼1 ms (1 pulse, τ = 6.4 ms; 2 pulses, τ = 7.3 ms; 3 pulses, τ = 8.7 ms, [Figure S33](#notes-1){ref-type="notes"}). Additionally, we noticed in our previous studies that strands with two 18c6 labels do not always produce multiple current modulations if the 18c6 labels are closely spaced.^[@ref38]^ Thus, an exact count of how many OGs were present in a particular strand cannot be obtained. Nevertheless, the number of pulses does represent a lower limit of the number of OGs per strand. Furthermore, this method clearly identifies how random oxidative damage by ^1^O~2~, and likely any other oxidant, can be in the single-stranded portion of the telomere. By profiling these molecules one at a time, we can appreciate the great variability in which oxidation reactions occur to a single DNA strand by observing pulses to the current pattern. While not fully quantitative at this stage, this method is a vast improvement over other methods. Traditionally, gel electrophoresis would be used to monitor these reactions that yield a smear when random damage occurs, which we were able to recreate with this sequence. An alternative method to monitoring OG in long repeat sequences of the human telomere could be achieved with SMRT sequencing. This method relies on the kinetics of nucleotide insertion opposite OG to be different than that of G;^[@ref61]^ however, when a single G4 sequence was in the template strand, the folded structure caused the polymerase insertion kinetics to change.^[@ref62]^ Coupling a kinetic change for OG with a long series of G4s that alter the polymerase insertion kinetics of native DNA nucleotides will likely provide a challenge to the SMRT sequencing approach for identification of OG in the human telomere sequence. These observations further support the need for a method such as the one we have currently outlined.

Implications for Nanomedicine and Telomere Biology {#sec2.5}
--------------------------------------------------

A human cell has 46 chromosomes, each of which has two telomeres, leading to 96 telomeres per cell. Interestingly, no two telomeres have the same length, and this distribution can span many kilobases.^[@ref63]^ Recent observations demonstrated that the greater the telomere length variability in prostate cancer cells, the more likely the cancer will metastasize or the patient will die from this cancer.^[@ref64]^ Further, telomere length variability and oxidative stress show a casual correlation in prediabetic patients, who progress to Type II diabetes, in which increased oxidative stress decreases telomere length.^[@ref65]^ More interestingly, the Greider laboratory demonstrated that cellular survival is determined by the shortest telomere and not the average length, which is typically measured.^[@ref66]^ Further, the single-stranded region at the 3′ end of the telomere will likely be more reactive toward oxidation (\>100×) when compared to the duplex region due to its greater solvent accessibility by diffusible free radicals.^[@ref67]^ Telomere length distributions are determined by quantitative fluorescent *in situ* hybridization (Q-FISH),^[@ref12]^ and OG levels are quantified by nuclease digestion followed by LC-MS analysis.^[@ref11]^ These two methods do not overlap, and it requires both to answer these questions. Therefore, a method capable of addressing these questions simultaneously will be beneficial for studies on telomeres, oxidative stress, and their correlation with disease phenotypes. Single-molecule profiling experiments, such as the α-HL nanopore, could provide telomere length data while reading off the OG load.

The potential implications of the current work for nanomedicine applications are broad. Immediately, the current work can be put into production upon working out the conditions for harvesting telomere strands from the cell. One lingering question that this nanosensor could address surrounding telomeric OG is in regard to its distribution and how random or specific the location of damage occurs; more specifically, is the longer duplex region of the telomere exposed to more damaging oxidation reactions, or the shorter single-stranded region? The experiments and methods conducted in the present work provide a foundation using synthetic oligomers to study oxidative damage to the human telomere sequence. Once methods for extracting telomeres from a cell and preparing them for α-HL nanopore analysis have been developed, detailed studies to understand OG in the telomere can be commenced. We envision this method will struggle with determination of the absolute telomere length *via* translocation time, but these times will provide a first assessment of the length. The preference for 5′ entry over entry of a 3′ propeller G4 or triplex will enhance the pulse-like patterns observed. When kilobase-long DNA strands are eventually studied, the location of the pulse patterns will be more predictive than observed with the 120-mers in the current study. This straightforward analysis will determine if the single-stranded portion of the telomere sustains the greatest damage from oxidative stress. The utility of nanopore measurements for determining strand length *via* free translocation experiments is in its infancy;^[@ref68],[@ref69]^ yet, this field is rapidly progressing, and this capability may soon be achieved. When these capabilities for determination of strand length *via* the α-HL nanopore are optimized, the labeling and analysis conditions outlined herein will benefit biologists and medical diagnosis. The oncological applications of this work are immense because telomeres are at the center of cancer's immortality.^[@ref70]^

Conclusions {#sec3}
===========

Telomere attrition rates increase with oxidative and inflammatory stress.^[@ref3],[@ref4]^ Oxidation of G to OG increases in telomeres exposed to oxidative insults.^[@ref6]^ Herein, OG was detected by the α-HL nanopore in G4s that fold from the hTelo repeat sequence. Sequence lengths were increased to provide one to five G4s in a series. In the simplest single-G4 fold, OG caused significant distortion to the structure, leading to a \>10× increase in the unfolding dynamics. Further, the tetrad where OG was placed (top/bottom *vs* middle) played a role in determining the degree of destabilization, with OG in the middle tetrad causing the greatest change ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D). When the G4 included a 5′ tail, the unfolding kinetics changed in the presence of OG, but this method of detection would not be suitable for hTelo sequences that can adopt many G4s. Therefore, a strategy for labeling OG with the methylamine derivative of 18c6 was established that, upon analysis with α-HL, demonstrated a pulse-like signature in the *i--t* trace for detection of OG ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C). This method was used to detect and provide a lower limit to the number of OGs found in a 120-mer stretch of the hTelo sequence exposed to ^1^O~2~ ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C). This study determined OG to be randomly formed under these conditions. Because the 5′ entry was reinforced with the presence of a 5′ homopolymer tail, the spatial distribution of the pulse signals allowed estimation of the relative position of OG, closer to the 5′ or the 3′ end. Analysis of telomeres for OG, a biomarker of oxidative stress, with the α-HL nanopore is an innovative approach that is envisioned to simultaneously allow quantification of OG and determination of telomere length in one experiment.

Methods {#sec4}
=======

DNA Synthesis and Purification {#sec4.1}
------------------------------

All DNA strands studied were made by solid-phase synthesis by the DNA/Peptide core facility at the University of Utah following standard protocols. The OG phosphoramidites (Glen Research, Sterling, VA, USA) were incorporated *via* the manufacturer's protocols at known sites of G oxidation in the hTelo sequence.^[@ref39]^ After cleavage and deprotection of the strands they were purified on an ion-exchange HPLC column using the following mobile phases and method. Line A = 1.5 M LiOAc (pH 7) in 1:9 MeCN/ddH~2~O; B = 1:9 MeCN/ddH~2~O. The run was initiated at 35% B followed by a linear increase to 100% B over 20 min with a flow rate of 3 mL/min while monitoring the absorbance at 260 nm. Upon purification of the full-length product peak, the purification salts were removed by dialysis followed by lyophilization of the sample to dryness. The dry sample was resuspended in ddH~2~O to a working concentration of 500--1000 μM as determined by the 260 nm absorbance reading, using the primary sequences to determine the extinction coefficients.

Analysis of hTelo Strands with the α-HL Nanopore {#sec4.2}
------------------------------------------------

A customized, low-noise amplifier and data acquisition system constructed by Electronic BioSciences Inc. (San Diego, CA, USA) was used for the ion channel recordings. All electrolyte solutions used in these studies were prepared from \>18 MΩ/cm ultrapure H~2~O and filtered with a 0.22 μm Millipore vacuum filter. The wild-type α-HL protein nanopore was reconstructed *in situ* across a lipid bilayer supported by a glass nanopore membrane, which was made following a procedure previously described.^[@ref71]^ The data were collected with a 100 kHz low-pass filter and an acquisition rate of 500 kHz. The sample *i--t* traces provided in the text were refiltered to 20 kHz for presentation purposes. QuB 1.5.0.31 and Igor Pro-6.1 were used to extract, analyze, and plot events that lasted longer than 10 μs. All nanopore measurements were conducted at 25 °C on samples with a concentration of 5 μM. Two independent trials (both nanopore and DNA sample) were conducted while collecting \>500 events per trial.

Reaction for Labeling OG with 18c6 Methylamine {#sec4.3}
----------------------------------------------

The labeling reaction for OG was conducted in a buffer and salt system that minimized folding of the hTelo sequences to any stable G4 structures (20 mM cacodylate pH 8.0, 100 mM LiCl). The DNA strand (10 μM) to be labeled was mixed with aminomethyl-\[18-crown-6\] (2 mM) in a 200 μL reaction vessel followed by incubation at 45 °C for 20 min prior to starting the reaction. The reaction was initiated by a bolus addition of K~2~IrBr~6~ (200 μM), and the reaction progressed for 30 min. The reaction salts and oxidant were removed by a NAP-5 column (GE Healthcare) following the manufacturer's protocol. The column-purified sample was lyophilized and submitted to α-HL nanopore analysis.

Oxidation of Q5 with ^1^O~2~ {#sec4.4}
----------------------------

Exposure of the 120-mer Q5 hTelo strand to the ROS ^1^O~2~ was conducted in a buffer salt mixture that mimicked cellular conditions. The Q5 strand (10 μM) was annealed in 20 mM phosphate buffer at pH 7.4 mixed with 12 mM NaCl and 140 mM KCl by heating to 90 °C for 5 min and then slowly cooling (∼4 h) to room temperature. The cooled sample was then exposed to oxidant. The Q5 strand (10 μM) was mixed with the photochemical oxidant Rose Bengal (0.1 μM) and *N*-acetylcysteine (3 mM) and then allowed to thermally equilibrate at 37 °C for 30 min prior to commencement of the reaction. The photosensitizer was initiated by exposing the sample to 350 nm light emitted by a sun lamp (300 W) that was held ∼7 cm above the reaction vessel with the lid open. After a 5 min reaction, the light was turned off. The Rose Bengal and reaction buffer were removed by a NAP-5 column (GE Healthcare) following the manufacturer's protocols. Next, the oxidized Q5 strand containing OGs was labeled with methylamino-\[18-crown-6\] *via* the method outlined above. The conditions used to make OG in Q5 can lead to other products (*e*.*g*., spiroiminodihydantoin), and this reaction pathway was quenched with the *N*-acetylcysteine;^[@ref39]^ however, it is anticipated that some amount of spiroiminodihydantoin does exist in the sample analyzed by the nanopore, which was not detectable by this method.
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